We have identified a novel human gene by virtue of its ability to complement the radl-1 checkpoint mutant of Schizosaccharomyces pombe. This gene, called RACH2, rescues the temperature-sensitive lethality of a radl-1 weel-50 double mutant of S. pombe. Expression of RACH2 in S. pombe radl-1 strains partially restores UV resistance to the radl-1 mutant strain. Expression of RACH2 in a radl-1 cdc25-22 double mutant partially restores the dose-dependent delay in mitotic entry after irradiation that is lost in radl-1 checkpointdeficient mutants. Overexpression of RACH2 in human tissue culture cells induces apoptosis.
INTRODUCTION
Cells that are partially delayed during almost any stage of chromosome replication or segregation exhibit a decrease in the fidelity of mitotic chromosome segregation (Hartwell and Smith, 1985) . The resulting widespread genomic abnormalities are typical of cancer cells (Nowell, 1976) . Cell cycle checkpoints have been shown to be partially responsible for preventing this genomic instability, at the G2-M checkpoint in yeast (Weinert and Hartwell, 1990) and at the G1-S checkpoint in mammalian cells (Livingstone et al., 1992; Yin et al., 1992) .
Despite the lack of homology between the checkpoint genes from a variety of organisms that have been currently identified, there are underlying similarities in the way these organisms arrest the cell cycle in response to checkpoints. Most checkpoint genes are not essential for growth, although they are typically sensitive to exogenous stresses, such as DNA damage (Weinert and Hartwell, 1988; Al-Khodairy and Carr, 1992; Donehower et al., 1992; Rowley et al., 1992) . In both yeast and human systems, there is evidence for a checkpoint-dependent signal transduction pathway that leads to an inhibition of the cyclin-dependent kinases (Enoch and Nurse, 1990; Enoch et al., 1992; El-Deiry et al., 1993; Gu et al., 1993; Harper et al., 1993; Walworth et al., 1993; Xiong et al., 1993) . Because of this underlying conservation, it seems likely that some * Corresponding author.
components of the checkpoint pathways themselves will be conserved.
The fission yeast Schizosaccharomyces pombe is a genetically tractable eukaryote, and genes from many higher organisms can be functionally expressed in S. pombe. For example, elements of the cell cycle are functionally conserved in all eukaryotes, and have been identified by their ability to restore function in mutant yeast (Lee and Nurse, 1987; Igarashi et al., 1991; Plon et al., 1993) . A number of checkpoint-deficient S. pombe mutants have been described (Al-Khodairy and Carr, 1992; Al-Khodairy et al., 1994; Enoch et al., 1992; Rowley et al., 1992; Walworth et al., 1993) . These mutations have several features in common, including radiation sensitivity, lack of a G2 delay following radiation, and synthetic lethality with mitoticactivating mutations in the weel gene (Al-Khodairy and Carr, 1992; Enoch et al., 1992; Rowley et al., 1992; Walworth et al., 1993) . We have made use of this last property to screen for novel human checkpoint genes.
We set out to identify human genes that could complement the G2-M checkpoint deficiency of the fission yeast strain radl-1. This strain is defective in both the checkpoints that respond to unrepaired DNA damage and to incomplete DNA replication (Al-Khodairy and Carr, 1992; Rowley et al., 1992) . Wild-type S. pombe synchronized at the G2-M transition point show a radiation dose-dependent delay in entry into mitosis, which is lost in checkpoint-deficient strains (Al-Khodairy and Carr, 1992; Rowley et al., 1992). Loss of dose-dependent delay is the defining feature of checkpoint-deficient strains, including radl-1 mutants. We sought to restore dose-dependent mitotic delay in the radl-1 checkpoint-deficient background by the expression of human genes.
MATERIALS AND METHODS
Culture and Manipulation of S. pombe S. pombe was cultured by standard techniques (Leupold, 1970) . All transformations of S. pombe were done according to the method of Okazaki et al. (1990) . To screen for rescue of the temperaturesensitive lethality of the radl-1 weel-50 strain, four independent large scale library transformations of the strain SP1201 (Table 1) were performed. The library places human glioblastoma cDNA (Colicelli et al., 1991) under control of the S. pombe ADH promoter. The cells were plated onto selective media, and allowed to recover at the permissive temperature of 25°C for 24 h. Plates were then shifted to the restrictive temperature of 36°C, and cultured for an additional 4-7 days. As colonies appeared, they were subcultured onto secondary plates and colony purified.
To recover plasmids from S. pombe, cultures were grown in 10 ml of minimal selective media to saturation. Cells were collected by centrifugation at 1000 x g for 5 min, and washed once with SP1 (1.2 M D-sorbitol (Sigma, St. Louis, MO), 50 mM sodium citrate, 50 mM sodium phosphate, 40 mM EDTA, pH 5.6). The cells were resuspended in 1 ml of SP1 containing 150 ,ug/ml zymolyase 20-T (ICN), and incubated at 37'C for 60 min. Cells were collected by centrifugation, and resuspended in 0.5 ml ice cold TE. The cells were lysed by addition of 50 ,ul 10% SDS, followed by incubation on ice for 5 min. Cellular debris was precipitated by the addition of 100 ,ul 5 M potassium acetate, followed by incubation on ice for 30 min. The samples were then centrifuged at 13,000 x g for 10 min at 4°C. The supernatant was transferred to an Eppendorf tube containing 10 ,ul 10 mg/ml salmon sperm DNA, and precipitated with 1 ml 95% ethanol. The precipitated DNA was removed with the end of a micropipette tip, and transferred to 1 ml of 70% ethanol. The DNA was recovered by centrifugation, dried, and resuspended in 200 ,lI TE. An aliquot of this DNA was then transformed into Escherichia coli by electroporation.
Fluorescence microscopic examination of S. pombe transformants was performed on cells that had been fixed in-70% ethanol. Cell pellets were washed in water, and resuspended in an equal volume of 0.75 ,ug/ml DAPI (4',6-diamidine-2'-phenylindole dihydrochloride; Boehringer Mannheim, Indianapolis, IN).
All viability studies were performed on cells grown in minimal selective media (Leupold, 1970) . Cells were cultured to saturation in liquid media, diluted 100-fold, and grown at 25°C overnight. This procedure can consistently yield mid log phase cultures. For ultraviolet (UV) irradiations, cultures were plated at the appropriate density, irradiated with the indicated dose using a Stratalinker 1800 (Stratagene, La Jolla, CA), then cultured for 4-6 days at 25'C, until h-5 leul-32 ura4-D18 radl-1 cdc25-22 colonies were easily visible. For viability studies using hydroxyurea, cells were cultured as above, then hydroxyurea was added to 12 mM. Samples were removed at the indicated times after addition of hydroxyurea, and plated onto minimal selective media at the appropriate density.
For G2-M synchronization experiments, all strains were crossed into a cdc25-22 background. Strains were grown as above to mid log phase at the permissive temperature of 25'C. Cultures were then shifted to the restrictive temperature of 36'C for 3 h. Cells were transferred onto plates prewarmed to 37°C, irradiated, and immediately transferred back to liquid at the permissive temperature (25°C). At the indicated times, samples were removed, fixed with ethanol, and stained with DAPI. Cells were examined under a fluorescence microscope, and binucleate cells were scored as having passed mitosis.
Cloning and Sequencing RACH2
The RACH2 insert was subcloned into pBLUESCRIPT KS+ and KS-, and deletions were generated in both directions using a nested deletion kit (Pharmacia, Piscataway, NJ). Single-stranded DNA was generated by superinfection with VCS M13 helper phage (Stratagene) and sequenced using a fluorescence based technology (ABI, Columbia, MD). Analysis of the DNA and protein sequence was performed using standard software (DNA*, DNA Strider, and BLAST).
Mammalian Cell Culture W138 normal human fibroblasts (Hayflick, 1965) , HaCaT spontaneously transformed human keratinocytes (Boukamp et al., 1988) , and retroviral packaging cell lines qi2 and PA317 (Mann et al., 1983; Miller and Buttimore, 1986) were all cultured in DMEM (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum (Sigma), in a 5% CO2 atmosphere. Defective retrovirus-mediated gene transfer was performed essentially as described (Mann et al., 1983; Miller and Buttimore, 1986) , with the following modifications. The RACH2 insert was cloned into the BamHI site of pLhp53RNL after removal of the p53 gene (Cheng et al., 1992) . The constructs were transfected into qi2 ecotropic packaging cell line by calcium phosphate coprecipitation (Sambrook et al., 1989) . After 48 h, the supernatant was cleared at 2,500 x g for 5 min, and used to infect the amphotropic cell line PA317 in the presence of 4 ,uM polybrene (Sigma). Stable transfectants were selected in 800 ,tg/ml G418. In RACH2 sense constructs, stable cell lines were not selected; supernatants from transiently infected PA317 cells were used for subsequent infections. For experiments involving infected HaCaT cell lines, independently generated clonal lines were used for analysis. For experiments involving infected WI38 cell lines, G418-resistant cell populations were selected and further analyzed.
Apoptosis Assay
To test for DNA fragmentation in infected W138 and HaCaT cells, 106 cells were trypsinized and washed once in phosphate-buffered saline (PBS). The cells were resuspended in 400 ,ul ice cold buffer 1 (10 mM TrisCl, 150 mM NaCl, 2 mM MgCl2, 1 mM dithiothreitol, pH 7.4). Cells were lysed by the addition of 20 ,ul NP40, followed by incubation on ice for 30 min. Nuclei were collected by centrifugation in an Eppendorf centrifuge for 5 min at 4°C, and resuspended in 400 ,ul ice cold buffer 2 (10 mM TrisCl, 350 mM NaCl, 2 mM MgC12, 1 mM dithiothreitol). The samples were incubated on ice for 30 min, then subjected to the same centrifugation. The supernatant was recovered, and DNA was precipitated by ethanol in the presence of 2 ,ug glycogen as carrier. The DNA was dried and resuspended in TE + 10 ,ug/ml RNase A, and incubated at 37'C for 2 h. Samples were analyzed after electrophoresis through 1% agarose gels. (Coulter, Hialeah, FL) For double labeled BrdU/PI FACS analysis, cells were grown and treated as indicated, then incubated for 1 h at 37°C in the presence of 5-bromo-2'-deoxyuridine and 5-fluoro-2'-deoxyuridine (Amersham, Arlington Heights, IL) according to the manufacturer's instructions. Cells were harvested by trypsinization, washed with PBS, and fixed in 50% ethanol. Approximately 2 x 106 cells were treated with 0.5 mg/ml RNase A in 1 ml PBS at 37°C for 1 h. Cells were recovered by centrifugation at 500 x g for 5 min, resuspended in 1 ml of 2 M HCI, 0.5% Triton X-100, and incubated at room temperature for 30 min. Cells were collected by centrifugation at 500 x g for 5 min, washed three times with cold PBS, resuspended in 20 ,ul undiluted fluorescein isothiocyanate-conjugated a-BrdU antibody (Becton Dickinson, Mountain View, CA), and incubated at room temperature for 30 min. Cells were collected by centrifugation at 500 X g for 5 min, washed twice with cold PBS, and resuspended in 1 ml PI solution (50 ,tg/ml propidium iodide, 0.1 mg/ml RNase A, 0.1% NP40, 0.1% sodium citrate, pH 7.0)
RESULTS
Cloning and Sequencing of RACH2 We screened 5 x 106 human glioblastoma cDNA library transformants in the fission yeast strain radl-1 weel-50 (SP1201, Table 1 ). This strain is not viable at 36°C, due to the loss of both Weel and Radl function. We identified a number of human cDNAs that rescued this temperature-sensitive lethality, and went on to characterize these further (Table 2 ). This paper describes one of these human genes, called RACH2 (for RAdiation CHeckpoint). The other gene isolated by this screen, RACHI, encodes a protein of novel sequence, and its characterization will be published elsewhere.
The primary rescuing plasmid pRACH2 was isolated and transformed into E. coli. The plasmids were then isolated from E. coli and retransformed into the S. pombe radl-l weel-50 strain (SP1021). Like radl-and weel-containing plasmids, a plasmid containing RACH2 was able to complement the temperature-sensitive lethality of SP1201 at 36°C (Figure 1A) . Cells transformed with a plasmid containing the RACH2 gene are able to form colonies, although at a much slower rate than cells bearing plasmids containing either of the radl or weel genes.
Cells transformed with a control plasmid are not viable at 36°C. The terminal phenotype of the radl-1 weel-50 strain bearing a control plasmid at 36°C is shown in Figure 1B Figure 2A . The protein is highly hydrophobic, and analysis according to the method of Kyte and Doolittle (1982) suggests that this protein may be an integral membrane protein ( Figure  2B ). The predicted amino acid sequence shares 61% amino acid identity with a urea transport protein identified in the rabbit ( Figure 2C ; You et al., 1993).
RACH2 Rescues the Checkpoint Deficiency of radl-1 Mutant S. pombe To show that the RACH2 gene was rescuing the radl-1 mutation, we transformed the RACH2-expressing plasmid into SP1202, and tested for radiation sensitivity. The expression of RACH2 partially restores resistance to UV radiation in the radl-1 mutant ( Figure 3A) . Expression of RACH2 in radl-1 mutants does not rescue the sensitivity of radl-1 to hydroxyurea ( Figure 3B ). This suggests that the rescue by RACH2 is specific to the DNA damage-induced checkpoint function of Radl, and not a general rescue of all Radl function.
To show that RACH2 expression was truly rescuing the checkpoint defect of radl-1, and not simply upregulating repair or downregulating the rate of cell division, we introduced the RACH2 plasmid into a strain that contained both the radl-l mutation and the conditional cdc25-22 allele (SP1206). At 36°C, the restrictive temperature for cdc25-22, cells arrest at the G2-M transition point, as a result of their inability to activate the Cdc2 kinase. When released from this block, cells enter a synchronous mitosis. If cells are irradiated immediately before release from the cdc25-22 block then cells will delay entry into mitosis. The length of this delay is dependent on the dose of radiation given. In Figure 4A , the kinetics of entry into mitosis in the checkpointproficient cdc25-22 strain (SP32) are shown. The dose-dependent delay is virtually eliminated in the checkpoint-deficient radl-1 background ( Figure 4B ). RACH2 expression partially restores the radiation dose-dependent delay in entry into mitosis lost in radl-l mutants ( Figure 4C ). This dose dependence is not equal to that shown in a wild-type strain. This is Vol. 6, October 1995 as would be expected in the partial rescue of radl-1 by RACH2. We expressed the RACH2 gene in three other checkpoint-deficient strains of S. pombe: rad3-136, rad9-192, and radl7-W. In each of these cases, there is not a significant increase in resistance to UV over strains carrying control plasmids ( Figure 5, A-C Infection by the defective retroviral particles expressing the sense RACH2 construct caused a rapid loss of viability in both W138 ( Figure 6 ) and HaCaT cells. Confluent W138 normal human fibroblasts were split 1:4, and seeded at approximately 5 x 106 cells/ml. After allowing for adherence of the cells, the supernatant was replaced with supernatants from defective retroviral producing PA317 cells. Four days after infection, the mock and antisenseinfected cell lines had reached confluence, while very few of the sense-infected cells remained adherent ( Figure 6 ). To further characterize this cell death, we isolated DNA from the cell lines 3 days after infection. Infection by constructs expressing the sense orientation of RACH2 led to DNA fragmentation characteristic of apoptotic cell death (Figure 7) , while mock infection or infection by constructs expressing the antisense orientation of RACH2 did not (Figure 7) .
Expression of Antisense RACH2 Does Not Lead to a Checkpoint Deficiency in Human Cells
We next used stable cell lines arising from the infection of HaCaT cells with antisense RACH2-defective retroviral particles to determine whether antisense overexpression of RACH2 would lead to a defect in the radiation-dependent G2 checkpoint in human cells. The HaCaT cells generated above were selected in G418 to ensure uniform infection. This stable cell line was used in these experiments. The parental HaCaT cell line contains a mutant p53 allele, and does not exhibit a Gl checkpoint after irradiation. Thus, these cells progress through the cell cycle, and arrest at G2-M. Samples were collected at various times after irradiation; when subjected to FACS analysis these samples showed a transient increase in the percentage of G2 cells within the population after irradiation, as cells arrest at the G2 checkpoint. In Figure 8 , the kinetics of G2 arrest and release in mock-infected and antisense RACH2-infected HaCaT cells are shown. Within the three independent clonal cell lines tested, there is no change in the G2 checkpoint response of HaCaT cells expressing the antisense RACH2 construct as compared with those expressing a control plasmid.
We further wanted to test whether expression of RACH2 in human cells might alter the radiation-induced G1-S checkpoint. W138 cells (p53 wt/wt) were Figure 9 . RACH2 antisense expression has no effect on the G1-S radiation-induced checkpoint in human cells. W138 normal human fibroblasts were infected with a vector cotrol (A, B, and C) or with an antisense RACH2 construct (D, E, and F) . Three independent populations of stable transfectants were isolated from each after selection in G418. The cells were treated with 4Gy y-radiation (as in Figure  8 ) contribute to redundant control of the radiation-dependent checkpoints in human cells, and it is possible that elimination of a combination of such genes simultaneously will reduce or eliminate the checkpoint. A second possibility is that the expression of antisense RACH2 has not eliminated the function of the RACH2 gene product. This possibility cannot be ruled out until antibodies against the RACH2 gene product are generated and used to assess the level of the RACH2 protein in these cell lines. By contrast, the effect of overexpression of RACH2 is striking; the cells rapidly lose viability and undergo apoptosis. This phenotype is consistent with the upregulation of a cell cycle checkpoint.
The predicted amino acid sequence of RACH2 makes it likely that this protein is an integral membrane protein. The only homology found in the currently available databases is to a vasopressin-regulated urea transporter identified in the rabbit (You et al., 1993) . Resolution of the question of whether the RACH2 gene product is a urea transport protein awaits direct testing. However, from Figure 2B , it unclear whether the RACH2 protein has 12-membrane spanning domains, as is common for many transporters, or the 10-membrane spanning domains that are predicted for the rabbit urea transporter (You et al., 1993) .
It is currently unclear what upstream signals the RACH2 protein is responding to that activate checkpoint function. The Radl gene product seems to respond to certain DNA structures, either physical damage in the DNA, or a DNA replication intermediate. It is possible that RACH2 responds to something entirely different, such as membrane integrity. Perhaps by increasing the sensitivity of the cell to one checkpoint, a second checkpoint defect is masked. The fact that expression of RACH2 in S. pombe rescues the radiationdependent checkpoint, but not the incomplete replication-dependent checkpoint of radl-1, supports this idea; radiation causes damage to membranes (Mody et al., 1991; Haimovitz-Friedman et al., 1994) , while incomplete replication likely does not.
The importance of understanding checkpoint control in human cells is underscored by the fact that the p53 gene plays a role in a radiation-induced G1-S checkpoint. Mutations in the p53 gene are widely associated with cancer, and this is likely due in part to the loss of checkpoint control. The p53 gene, like the yeast G2-M checkpoint genes, is not required for viability; a p53 hpmozygous null mouse is viable (Donehower et al., 1992) . However, these animals show a very high spontaneous rate of tumor formation (Donehower et al., 1992) . Both human and mouse cell lines that lack p53 function exhibit elevated levels of genomic instability, which may actually drive the process of tumor formation (Livingstone et al., 1992) . In light of the fact that loss of checkpoint control can lead to the genomic instability that is observed in cancer cells (Nowell, 1976) , it is important to continue the identification and characterization of novel human checkpoint genes.
